Introduction
Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful analytical technique.
Unique analytical characteristics, like high sensitivity, low detection limits and a wide linear range, have allowed ICP-MS to provide a wide range of applications. [1] [2] [3] [4] [5] [6] [7] Optimization of the instrument is a prerequisite to any analysis with ICP-MS or other analytical instruments. Analytical signals of ICP-MS are a function of a variety of parameters, 8 which frequently correlate with each other. Different parameter combinations may yield a similar signal level.
The instrumental optimization is usually complicated and time-consuming, particularly when hardware services have been made. Although some manufacturers provide auto-optimization software functions to optimize ICP-MS automatically, they are not good enough for the research purposes of a simple optimization strategy and a singleparameter optimizing design. Instrumental optimization is frequently based on the operator's experience. There have been numerous studies concerning ICP-MS optimization. 8, 9 Intensity deflection is also important for isotope analysis (e.g., Rb-Sr, Sm-Nd and Pb isotopes) and for the analysis of elements with a limited mass range (e.g., the rare earth elements). It is critical to obtain the highest possible sensitivities of the analytes. This paper introduces for the first time an orthogonal method to study the relationships between various ICP-MS parameters in instrumental optimization. Signal intensity deflection is also discussed regarding the orthogonal method.
Experimental

Instrument
The ICP-MS used in this study was a POEMS III, which is a combination of a VG PQ3 ICP-MS and a TJA IRIS ICP-OES with a set of an HF-resistant nebulizer and a spray chamber. The diameters of the sampling cone and the skimmer cone are 1.0 mm and 0.7 mm, respectively. In our ICP-MS system, Lens 2, Lens 3, Lens 4 and the collector, aperture, pole bias, extractor and detector control ions generated by the ICP. The first optimization step concentrates on the ICP system, including the nebulizer gas-flow rate, auxiliary gas-flow rate, plasma gasflow rate, RF power and sampling depth. Because the optimum torch position is easy to achieve, it is not discussed here. The auxiliary and plasma gas-flow rates in POEMS III are set at fixed values by the manufacturer.
Mathematics and experiment
Latin Square is a mathematical method that enables one to study the relationships among various parameters, and can reduce the possible combinations from 8 9 × 3 1 × 2 1 = 805306368 to 64. We use this method to find an optimized parameter combination.
The Latin Square used to optimize the instrumental parameters (including the parameters of the ion path, the plasma and the mass spectrometer) is L64 (8 ) denotes 9 parameters with 8 levels, one parameter with 3 levels and one parameter with 2 levels in the Latin Square. In our case, the 9 parameters are the sampling depth and the nebulizer gas-flow rate as well as Lens 2, Lens 3, Lens 4, the extractor, the collector, the aperture and the pole bias voltages. The parameters with 3 and 2 levels are the auxiliary gas-flow rate and the RF power, respectively.
The 8 levels of the parameters in association with the Latin Square are shown in Table 2 . They are set based on the operation manual of the POEMS III and the last optimal values. For example, the nebulizer gas-flow rate used in the experiments was set at 0.71, 0.73, 0.75, 0.77, 0.79, 0.81, 0.83, and 0.85 L/min, respectively. In Table 3 , ki (i = 1 to 8) of each parameter represents the average intensity of those experiments which has the level of one parameter being constant at i. The k value therefore measures the effectiveness of the level combination. Table 3 Table 3 are the voltages of corresponding levels 7, 8, 6 and 5 in Table 2 .
Optimization solution A mixed solution of 5 µg L -1 9 Be, 59 Co, 115 In, 159 Tb, and 209 Bi in 2% HNO3 was used to perform the 64 experiments according to the Latin Square. The intensity, stability and signal intensity deflection served as criteria for the evaluations.
Results and Discussions
Intensity
The signal intensity is the most important criteria for determining whether one parameter combination is effective. The derived average intensities (k1 to k8) of the 11 parameters under investigation and the extreme deviation of the Latin Square are shown in Table 3 The results show a significant simplification of optimization by using the Latin Square.
The 64 parameter combinations can be divided into two groups based on intensities higher or lower than 10000 counts per second (cps) (Figs. 1A and B) . The integral area of each parameter level (that is the sum of the level number of each parameter) determines the statistical conclusions.
Usually, the voltage of the components on the ion path is difficult to optimize. A comparison of the integral area shapes in Level higher than -9 V (Level 3); (4) the aperture voltage should be around -72 V (Level 3); and (5) the aperture, pole bias and extractor voltage levels exhibit either a "∨" or a "∧" shape, which corresponds to an increased or decreased sensitivity.
Signal intensity deflection
One of the major goals of ICP-MS optimization is to maximize the intensities of the analytes of interest, where three situations are preferred: (1) If the majority of elements concerned are lighter than 100 amu, the optimized PCC (Peak Center Curve, which is a curve covering the peak centers of selected representative elements in a certain mass range), should be adjusted so as to maximize the 59 Co intensity (Fig. 2A) . (2) If they are close to the middle mass range, say 100 amu, the optimized PCC should be optimized with the highest intensity in 115 In (Fig. 2B) . (3) If they are heavier than 100 amu, the optimized PCC should be optimized with the highest intensity in 159 Tb (Fig. 2C) . In practice, however these optimization results are difficult to obtain, and much experience is needed in most cases.
The effects of different parameters on the PCC can be studied by comparing the integral area and the integral area shape of the parameters in Fig. 3 . The reason why those parameter combinations are selected in Fig. 3A (3B, 3C) is because they can give a higher intensity of Co (In, Tb). It can be seen from Fig. 3 (A, B, C) nebulizer gas-flow rate, the extractor voltage, the pole bias voltage and the Lens 4 voltage. For the ICP system, the higher is the nebulizer gas-flow rate, the higher is the sensitivity of the light elements, and vice versa. For the ion path, Lens 3, Lens 4, the pole bias and extractor voltages are the key parameters, among others, which control the PCC shape. The combination of higher Lens 3 and lower Lens 4 voltages leads to a higher signal intensity over a higher mass range. A combined lower pole bias and higher extractor voltages have a similar effect. The above parameter combinations can thus be applied to a special analysis, such as higher mass elements (like REEs, RbSr, Sm-Nd and Pb isotopes analysis, which have profound geological and environmental significance).
Summary
The orthogonal method can be used to predict the optimum instrumental conditions and to guide the optimizing operations. This simplifies the ICP-MS optimization. In general, the final optimum parameter combination used in an analysis can be obtained after fine adjustments of the preferred parameters derived from the orthogonal experiment. This method can also be used to study the relationship between the parameter settings and the signal intensity deflection to improve the analysis of elements of a limited mass range or of isotopes. correspond to the sensitive mass range for the light (<100 amu), middle (50 -150 amu) and heavy (>100 amu) elements, respectively. It can be seen from a comparison of the integral areas that the nebulizer gas-flow rate and the extractor, pole bias, Lens 3 and Lens 4 voltages are the most important parameters which control the PCC.
